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Abstract 
 
This paper presents the effect of the structure of cationic polyacrylamides (CPAMs) on 
flocculation of pulp suspensions and floc properties. A focused beam reflectance measurement 
(FBRM) probe was used to monitor flocculation, deflocculation and reflocculation processes on real 
time. To carry out the study, 1% ECF eucalyptus kraft pulp containing 20% of ground calcium 
carbonate (GCC) was used. 
 
Results show that the effect of CPAMs structure depends on charge density and polymer dose. 
Floc size not always decreases with branching degree, whereas floc stability and reflocculation 
ability increased when highly charged and branched CPAM was used. These findings indicate that 
the use of highly branched CPAMs with very high molecular weight is very promising as retention 
aids to improve the papermaking process. 
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1. Introduction 
 
Flocculation is a key issue in papermaking. The use of flocculants in papermaking is required 
to retain fillers and additives in the fibre network, which otherwise would be lost or accumulated in 
the white waters. During the last years, the effect of flocculant characteristics on flocculation and 
floc properties have been widely studied in order to improve the productivity of papermaking 
process and the quality of final product by means of the optimization of retention, drainage and sheet 
formation
1-5
.  
 
Nowadays, polyacrylamides (PAMs) are one of the most frequently used flocculants. Most of 
PAMs used as flocculants consist of polymers made by the combination of acrylamide monomer 
with other kinds of monomers as, for example, acrylates. Flocculation efficiency induced by PAMs 
depends on its structure, molecular weight and charge density. These properties can be modified 
depending on the monomers nature and proportions. Consequently, a wide variety of PAMs can be 
synthesised
6-8
. The effect of molecular weight, charge density and chemical properties of PAMs on 
flocculation is well known
9-11
; however, the influence of their structure is still under research
12,13
. 
Several authors have studied the synthesis of branched PAMs
14
 and the possibility to improve sheet 
formation with high retention of fines and fillers. They observed that flocculation induced by 
branched PAMs was slower that the one induced by a linear PAM with similar molecular weight and 
charge density, and that the formed flocs were smaller and stronger
15,16
. Furthermore, some authors 
have observed that, in presence of high hydrodynamic forces, flocculation efficiency of branched 
PAMs was higher than the one of the linear ones. Therefore, the use of branched PAM could 
improve retention and drainage in paper mills
12,13
. The difficulty of producing PAMs with highly 
controlled branching has caused studies of the branching effect to be limited to the comparison of 
linear PAMs with uncontrolled branched PAMs and star polymers (polymers with a very high 
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branching, which gives them a star structure). Now, it is possible to produce highly controlled 
branched PAMs with very high molecular weight at industrial scale
14
. Therefore, the next step is to 
compare the effect of branching grade on flocculation processes, which has been the main aim of this 
research.  
 
2. Materials and methods 
 
ECF eucalyptus kraft pulp has been used with a consistency of 1% containing 20% of ground 
calcium carbonate (GCC) on dry fibres. This suspension contains the most common hardwood fibres 
and mineral filler used in European papermaking industry
17
. 
 
Cationic polyacrylamides (CPAMs) of very high molecular weight, around 12·10
6 
g/mol, 
different charge densities and different homogeneous branching grades, whose properties are 
summarised in the table 1, have been used as flocculants. Information on the structure and 
characteristics of these branched CPAMs has been published before
14
. 
Table 1. Studied PAMs. 
 
 
 
 
 
 
 
 
 
 
Branches per molecule Charge density  
(%) 
0 20 / 90 
1 20 
2 20 
3 20 
4 90 
16 90 
4 
Preparation of suspensions and additives 
 
To prepare the pulp suspensions, 50 g of cellulose fibres were soaked in 2 L of water during at 
least 12 hours, in order to swell them. After that, they were disintegrated at 6000 revolutions in a 
normalized disintegrator (T-215) and suspension was diluted by adding 4 L of water. Then, 10 g of 
GCC were added and the mixture was stirring in a homogeniser at 425 rpm during 30 minutes. 
 
The CPAMs were supplied in emulsion. They were diluted to 0.2%w in ultrapure water. To 
avoid the effect of ageing, flocculants were prepared the same day when they were used and they 
were matured during 90 minutes, before using them
18,19
. 
 
Experimental procedure 
 
The evolution of the flocculation, deflocculation and reflocculation processes was monitored in 
real time by using a M500L FBRM probe supplied by Mettler Toledo (USA). This device allows us 
to obtain the chord size distribution of particles and aggregates in the suspension
20,21
. 
 
The FBRM device provides a laser light shaft of 791 nm of wave length, which is focused by a 
lens, which rotates at 2268 rpm, in a focal point at 20 µm of the outer surface of the sapphire 
window, which is at the end of the probe introduced in the sample. The rotation of the lens produces 
a uniform circular translation of the focal point in the parallel plane to the window’s surface. When a 
particle intercepts the trajectory of the focal point, the reflected light is conduced to the detector, 
which receives pulses of light that translates into amplified electrical pulses and it is transformed into 
digital information that can be stored and processed. The duration of each light pulse is directly 
proportional to the chord sizes of the particle that has intercepted the focal point path. Chord sizes 
5 
between 1 and 1000 µm are collecting during a regular measurement time after which a histogram of 
the collected chord sizes is displayed. This distribution is characteristic of the form, size and 
concentration of the particles in suspension
22,23
. A measurement time of 5 s was selected to monitor 
flocculation, deflocculation and reflocculation processes, getting distributions which are 
representative of particles population with high answer speed and with a minimum ground 
signal
20,21
. 
 
In a typical flocculation trial, the FBRM probe was placed in the suspension stirred at 400 rpm. 
After 1 minute stirring, the flocculant was added. This caused the flocculation of the particles in 
suspension. Stirring was kept constant during 6 minutes. Then, the stirring speed was increase to 800 
rpm during 1 minute to break down the flocs. Finally, it was decreased again to 400 rpm to study the 
reflocculation process. 
 
3. Results and discussion 
 
Effect of the structure of CPAM with low charge density 
The evolution of the mean chord size during flocculation, deflocculation and reflocculation in 
presence of CPAM with a charge density of 20% and four different branching grades is presented in 
figure 1.  
 
The addition of flocculant induced the formation of flocs that were stable at 400 rpm, as shown 
by the fast increase of the mean chord size just after adding the flocculant and by the stability of its 
value before the stirring increase. When stirring increased, 4 minutes after the addition of the 
flocculant, the largest flocs were broken, but some of the flocs were strong enough to keep high the 
value of the mean chord size during deflocculation stage. However, these flocs had very low 
6 
reflocculation ability, as shown by the null mean chord size increase after the stirring reduction; 
small reflocculation was only observed at high doses of flocculant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Effect of branching grade on the mean chord size evolutions when different doses of CPAM with a 
charge density of 20% were added. 
The CPAM branching grade affected the mean chord size achieved after flocculation. This 
effect depended on CPAM doses. In general, the presence of branches reduces the maximum mean 
chord size obtained after flocculation comparing with the values obtained with the linear CPAM. 
 
Flocs induced with 5000 ppm of linear flocculant were the most unstable ones at 400 rpm. This 
is due not only to the high size of flocs, being the largest flocs broken easily. It is also possible that 
the excess of polymer, which increased the repulsion between chains adsorbed on different 
particles
2
, contributing to increase instability. This effect was not observed when the branching grade 
increased to 3 branches. This is because the hydrodynamic volume of branched polymers decreases 
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when branching grade increases, thus at the same flocculant doses, the repulsion between chains 
decreases because the number of molecules necessary to cover the surfaces increases. This fact made 
easier the formation of bonds between particles in pulp suspension and increased their strength. 
 
Figure 2 shows the chord size distributions obtained at different moments: before the addition 
of flocculant (to), when the maximum mean chord size was achieved (max floc) and after the 
evolution of the induced flocs (evol), i.e. just before increasing the stirring to induce deflocculation 
process. Chord size distributions are function of size and shape of particles in the suspension. 
Asymetric shape is a result of the higher number of small chord sizes due to the higher number of 
filler and fine particles with respect to fibres, although their lower mass. When the maximum mean 
chord size was achieved, the area under distribution curves was lower than the one obtained before 
flocculation, and distributions moved towards higher chord sizes. Figure 2b shows this displacement 
clearer. It indicates the decrease of particle number concentration and the increase in particle size. 
This effect was more remarkable when the used CPAM was linear or had three branches per 
molecule. The area of the distributions with the maximum mean chord size is smaller than the ones 
obtained after the evolution of the flocs, however the normalised distributions are not displaced. This 
indicates that more particles were counted, but with similar size distribution. This confirms that the 
flocculation of particles smaller than 1 µm to form flocs is the predominant effect during the 
evolution stage. 
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Figure 2. Effect of branching grade on chord size distributions during the flocculation process and after floc 
evolution induced by 1000 ppm of CPAM with charge density of 20%. a) distributions, b) normalised distributions. 
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When the charge density of very high molecular weight polymers is low, chains configuration in 
the solution is not extended, and only the external part of the polymer ball and the tails or coils can 
interact with particles. Increasing branching has two opposite effects:  
1. Reduces the hydrodynamic volume, decreasing the distance among particles in a floc and, 
therefore, the frequency of efficient collisions. 
2. Increases the stiffness of the polymer and the number of tails and coils that can interact with 
particles to form bridges among them, that increases collision efficiency.  
Therefore, the global effect is the balance between these two ones. Adding one branch per 
molecule to the low charged CPAM reduced the floc size obtained with 1000 ppm as shown in 
figures 1 and 2, because of the hydrodynamic volume reduction. Furthermore, it reduced the 
flocculation of small particles as it can be observed comparing the left part of the distributions (from 
1 µm to 10 µm) obtained with the linear CPAM and the one with one branch per molecule. The 
decrease in the number of counts with chord sizes smaller than 10 µm is higher when linear CPAM 
was used (figure 2). Distributions show that the number of counts at the 1 µm limit decreased when 
CPAM was added, indicating that particles with chord sizes of 1 µm and smaller were attached to 
other particles to form larger flocs. When 1000 ppm of CPAM were used, this decrease was higher 
in the case of linear CPAM than in the case of CPAM with 1 branch per molecule. Mean chord size 
decreased also when CPAM had two branches per molecule; however flocculation of small particles 
increased due to the higher number of tails and the higher stiffness of the chain. When CPAM had 
three branches per molecule the increase in the number of tails free to interact with particles was 
high enough to further flocculate the system, increasing the maximum floc size and the floc size after 
the evolution of the system. 
 
Chord size distribution after the evolution of flocs obtained in presence of the CPAM with 2 or 
3 branches per molecule had a higher area than the one obtained with the highest mean chord size. 
10 
Moreover, there is not a reduction of the number of counts with large chord size, but there is an 
increase in the number of counts of lower sizes. Therefore, although some of the largest flocs could 
be destroyed during the evolution of the system, the main process during this stage was the 
flocculation of the small particles, some of them smaller than 1 µm. These particles cannot be 
measured because of their small size (the detection limit of the technique is 1 µm). However, when 
they aggregate, they form flocs that can overcome this limit and be measured. These small flocs 
reduce the mean chord size. This process is slower than the flocculation of the large particles and, 
therefore, it reduces the mean chord size of the distribution after reaching a maximum value.  
 
 Figure 3 shows the distributions of mean chord sizes obtained with 4000 ppm of flocculant. 
When doses increased, distributions after flocculation moved towards larger chord sizes, indicating 
the increase in the size of the induced flocs. On the other side, after reaching the maximum mean 
chord size, the changes in the distributions obtained during the evolution of the flocs were small and 
normalised distributions were shifted only very slightly towards lower chord sizes, except when 
CPAM had two branches per molecule, which shows higher changes. This indicates that: 
• Most of formed flocs were very stable at 400 rpm. Only the largest ones were broken. 
• Flocculation of small particles to form small flocs was not predominant after reaching the 
maximum mean chord size. 
Both phenomena contributes to decrease the mean chord size during evolution stage (figure 1).  
In case of using CPAM with 2 branches, the number of counts with chord sizes smaller than 60 µm 
increased during evolution stage while the number of larger counts only decreased slightly (Figure 
3a). The increase in the number of counts smaller than 60 µm is due not only to the breakage of 
some of the largest flocs, but also to the flocculation of particles smaller than 1 µm to form small 
flocs. 
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Figure 3. Effect of branching grade on chord size distributions during the flocculation process and after floc 
evolution induced by 4000 ppm of CPAM with charge density of 20%. a) distributions, b) normalised distributions. 
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 When flocculant dose increased, there were more molecules of the polymer in suspension, so 
more bonds between particles can be formed. In addition, in presence of 4000 ppm of CPAM the 
coverage of particles surfaces was higher than it was when CPAM dose was 1000 ppm and there 
were less available gaps in the surface to flatten the chains of polymer. Thus, stability of the formed 
bonds increased and the effect of polymer structure on its flattening decreased. After the polymer 
adsorption was finished and maximum floc size was achieved, flocculation of small particles did not 
form small flocs that decrease the mean chord size, but they were attached to large flocs during 
flocculation as shown by the decrease in the number of counts with chord sizes in the limit of 1 µm 
and by the reduction of the shape in the left part of the distribution when CPAM was added to the 
suspension. 
 
Effect of the structure of CPAM with high charge density 
 
 Figure 4 shows that when the charge density of CPAM is high, the effect of CPAM structure 
on their behaviour was very high. Flocs induced by CPAM with 90% charge density were unstable, 
except for the CPAM with 16 branches per molecule due to the high stiffness of its configuration. In 
this case, linear CPAM has an extended and stiffness configuration in solution because of the 
electrostatic repulsion among charged groups
7
. However, when it adsorbed on a charged particle, its 
conformation evolved towards a flat configuration due to the high interaction between particle 
surface and polymer chain
26
. This causes a low stability of the flocculated system. For low doses, 
flocculation is poor. When the flocculant dose increases, the particle surface free to interact with the 
polymer is reduced and the percentage of polymer chains adsorbed with an extended conformation is 
increased. However, with the time, the configuration of the polymer chains evolved towards a flat 
conformation, covering the particle surfaces, and part of the initially formed bridges were broken. 
13 
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However, the reduction of the mean chord size could be also due to the flocculation of particles 
smaller than 1 µm that cannot be measured before their flocculation, but that form small flocs that 
reduce the mean chord size. 
 
 
   
 
  
 
 
 
 
 
 
 
 
Figure 4.  Effect of branching grade on mean chord evolutions induced by CPAM with charge density of  90%. 
 
 To know the reason of the mean chord size evolution, it is necessary to compare the chord 
size distributions (figure 5). The area under the curve obtained after the evolution of the system was 
higher and contained larger chord sizes than the initial one (figure 5a). Therefore, more and larger 
particles were measured after floc evolution. However, the area of the distribution obtained when 
maximum mean chord size was achieved was the lowest and it contained the largest values of chord 
size. These two characteristics confirm that particles smaller than 1 µm (which were not detected by 
FBRM at the beginning) are flocculated during the evolution stage, and the displacement of the 
normalised distribution towards lower chord sizes during the evolution stage confirms that the 
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largest flocs induced by linear and low branching grade polymers could break down to form new 
small particles. Branches increase polymer stiffness, which makes more difficult its adsorption with 
flat conformation. However, the main effect of polymer structure was the reduction of the 
hydrodynamic volume of the chains, because the stiffness was already high without branches due to 
the high charge density that causes strong repulsive electrostatic forces among charged groups of the 
chains. Consequently, strong differences in the evolution of the formed flocs were observed when 
CPAM branching increased to 16.  
 
With 500 ppm, the highest mean chord size was achieved with the CPAM of four branches, but for 
higher doses the maximum mean chord size obtained with his CPAM was lower than the one 
obtained with the two other flocculants. This CPAM has an hydrodynamic volume between the other 
two, but its structure is stiff and repulsion among chain segments allowed the presence of loops and 
tails of the adsorbed chains and its interaction with particles when flocculant dose was low, despite 
of its high charge density and the presence of enough free surface on particles. Therefore, 
flocculation achieved with low doses of this CPAM was higher than the one achieved with the linear 
flocculant. The small hydrodynamic volume of this branched CPAM reduced the floc size obtained 
with high doses. The effect of flocculant dose on flocculation and on floc properties was very low, in 
this case. This could indicate that regardless the doses added, the same amount of polymer was 
adsorbed onto particles. Low amount of adsorbed chains could be enough to form bridges among 
particles. Because of the low hydrodynamic volume, the formation of flocs required a closer 
approach of the particles. This could limit the adsorption of more chains near the space between the 
joined particles to form more bridges
26
. This could reduce floc strength, as it can be observed in 
figure 5, which shows that breakage of large flocs was higher for the CPAM with four branches per 
molecule. The flocculant with sixteen branches per molecule induced the formation of very stable 
flocs and with high reflocculation ability. This flocculant has a very low hydrodynamic volume 
15 
despite of its very high molecular weight
27
. Consequently, its structure is very stiff and stable, but 
the formation of bridges between particles is more difficult due to its low hydrodynamic volume. 
Therefore, the predominant flocculation mechanism could be patching. Maximum patching 
flocculation is obtained when coverage of particles is around 50%
28
. The low hydrodynamic volume 
of this CPAM increased the dose required to reach this coverage grade. Therefore, this flocculation 
mechanism explains why the flocs obtained with doses lower than 4000 ppm were smaller than the 
ones obtained with the same doses of linear or low branching grade CPAMs. Electrostatic reversible 
forces were responsible of flocculation induced by highly charged branched CPAM. Consequently, 
formed flocs were very stable and reflocculation ability was high, as shown by the evolution of the 
mean chord size after decreasing the stirring speed, that reach a value very similar to the one 
measured before deflocculation stage (figure 4).  
 
Figure 6 shows that when linear CPAM dose increased, flocculation of particles in the 
suspension and flocs size increased due to the increase of the coverage, which reduced the flattening 
of linear CPAM due to steric repulsion among adsorbed chains. For the CPAM with 16 branches, 
higher doses increased the floc size due to the increase of the number of patches. During the 
evolution stage, the breakage of large flocs (>50 µm) was more important than the flocculation of 
particles smaller than 1 µm, except in the case of CPAM with 16 branches as shown by the decrease 
in the number of counts with large chord sizes (figure 6a) and the displacement of the normalised 
distribution towards lower chord sizes (figure 6b) when linear or 4 branches CPAM were used. It 
indicates that most of the aggregation of these small particles was fast enough to take place during 
the flocculation stage. For CPAM with 16 branches, the difference between the distribution with the 
maximum mean chord size and the one obtained after the evolution of flocs is very low indicating 
the high stability of the flocs at 400 rpm. 
 
16 
 
 
                                                        
 
 
 
 
 
 
                                                                       
 
 
 
 
                                                        
 
 
 
 
 
 
                                                                       
 
Figure 5. Effect of branching grade on chord size distributions during the flocculation process induced by 1000 
ppm. CPAM with charge density of 90%. a) distributions, b) normalised distributions. 
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Figure 6. Effect of branching grade on chord size distributions during the flocculation process induced by 4000 
ppm. CPAM with charge density of 90%. a) distributions, b) normalised distributions. 
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To have more complete information of the effect of flocculant dose on the system, the chord 
size distributions obtained with different doses of each flocculant were compared at two different 
moments: when maximum mean chord size was achieved and just after the evolution stage (figures 7 
and 8). 
 
Flocculation induced by 4000 ppm and 6000 ppm of linear CPAM provided very similar 
normalised distributions at the maximum mean chord size (figure 8a) and the area under the not 
normalised curves was higher than the one obtained with 1000 ppm and a higher number of counts 
was obtained for all the chord lengths. It indicates that particles smaller than 1 µm flocculate, 
increasing the measured number of particles for all sizes, this effect increases with the dose. After 
the evolution stage, distribution for 1000 ppm was slightly displaced towards lower chord lengths 
with respect to the ones obtained in presence of higher flocculant doses (figures 7a and 8a). 
 
The mean chord size decreased during the evolution of the system (figure 4) because of two 
phenomena:  
1. Flocculation of particles smaller than 1 µm, which was the predominant effect (figure 6). 
2. Dispersion of large flocs, that was low as shown in figure 6b.  
 
On the other hand, comparing the distributions shown in figure 7a, it can be observed that the 
area under the chord sizes distributions during evolution stage increased with respect to the 
maximum mean chord size, when dose was 1000 ppm and 4000 ppm, and that differences between 
the distributions with the maximum mean chord size and the ones obtained just after the evolution 
stage decreased with linear CPAM doses and thus, distributions obtained after the evolution stage 
with the three doses were very similar. Therefore, dispersion of large flocs and flocculation of small 
19 
particles took place in the three cases during the evolution stage, but its extension decreased with the 
linear CPAM doses.  
 
 
 
 
 
 
 
a) Linear. 
 
 
 
 
 
 
 
 
b) Four branches per molecule. 
 
 
 
 
 
 
 
 
c) Sixteen branches per molecule. 
Figure 7. Chord size distributions CPAM with charge density of 90%. 
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a) Linear. 
 
 
 
 
 
 
 
 
b) Four branches per molecule. 
 
 
 
 
 
 
 
 
c) Sixteen branches per molecule. 
Figure 8. Normalised chord size distributions CPAM with charge density of 90%.  
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Figures 7b and 8b corroborate the low effect of the doses of CPAM with four branches per 
molecule on flocculation, and show that its main effect was observed after the evolution of the 
system.  
 
CPAM with 16 branches per molecule induced the formation of flocs much more stable than 
the ones induced by the other two CPAMs (figures 5b and 6b). Furthermore, flocculation of particles 
smaller than 1 µm did not take place during evolution stage regardless the used dose, as shown in 
figure 6c, where there are no remarkable differences between the distributions with maximum mean 
chord size and the ones obtained after the evolution of flocs. Furthermore, the areas under these 
distributions are lower than the area under the initial one (without flocculant). This indicates that the 
flocculation of particles smaller than 1 µm to form small flocs is less favoured by this highly 
branched CPAM, or that they aggregate to fibers or to large flocs. 
 
The effect of polymer dose on flocculation was higher than in the other two cases. A few small 
flocs were only formed when a dose of 1000 ppm of this CPAM was used, as shows the low 
displacement of the distribution towards longer chord lengths (figures 7c and 8c). This is because of 
the low hydrodynamic volume of this polymer, which could cause that part of the chains were not 
able to exceed the double electrostatic layer to interact with other particles. Furthermore, the 
coverage required for efficient patching flocculation is higher than the one required for bridging.  
 
4. Conclusions 
 
The effect of CPAMs structure on flocculation process and induced flocs properties depends 
on charge density. At the experimental conditions, when CPAM had a low charge density, branching 
effect on stiffness and hydrodynamic volume of the polymer chains affected considerably the 
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flocculation process and the floc properties. However, when CPAM had a very high charge density, 
the highest effect was the reduction of the hydrodynamic volume at high branching grades, because 
it changed the flocculation mechanism from bridging to patching. However, the increase of stiffness 
improved flocculation induced by low dose of CPAM with four branches per chain, in the case of 
high charge density. 
 
CPAMs with a charge density of 20% induced the formation of hard flocs with low 
reflocculation ability. Floc size decreased slightly and the flocculation of particles lower than 1 µm 
increased to form small flocs during the evolution stage with the branching grade, when CPAM dose 
was low. 
 
When CPAM had high charge density, moderate branching grade increased flocculation 
induced by low doses of CPAM and reduced the effect of CPAM dose on flocculation and floc 
properties in the doses interval tried. However, when branching grade of this CPAM was very high 
(16 branches), the predominant flocculation mechanism was patching, so the formed flocs were more 
stable and the system had a high reflocculation ability. 
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